a necessity to control the level of substrate contamination with As.
Introduction
Environmental arsenic (As) occurs in various forms, including inorganic-arsenate As(V) and arsenite As(III)-and organic (the effect of methylation of inorganic species in soil) [1] , that exhibit different toxicity. In general, As(III) and As(V) are considered as a serious health threat, magnified by their high bioavailability in the human gastrointestinal tract and potential to accumulate in the liver, kidneys, lungs and skin. Methylated forms such as monomethylarsonic acid (MMA-CH 5 AsO 3 ), dimethylarsinic acid (DMA-C 2 H 7 AsO 2 ), tetramethylarsonium ion (TETRA-(CH 3 ) 4 As + ) and trimethylarsine oxide (TMAO-(CH 3 ) 3 AsO) are known to be only moderately toxic, while others, such as arsenosugars (glycerol, phosphate, sulphonate and sulphate sugar), arsenocholine (AC-(CH 3 ) 3 As + CH 2 CH 2 OH) and arsenobetaine (AB-(CH 3 ) 3 As + CH 2 COO − ), are considered as safe. Nevertheless, As can induce various adverse effects at the molecular, biochemical and clinical levels, whereas mechanisms enabling As metabolism are extremely rare in the human population [2] . From an epidemiological perspective, As exposures increase the risk of bladder and skin cancer, cardiovascular diseases, diabetes mellitus and impaired reproduction.
The U.S. Food and Drug Administration (FDA) and other important bodies regulating food safety recognize the need to keep the As intake at the lowest possible level and Abstract Mushrooms are known to accumulate various concentrations of different arsenic (As) species depending on the metalloid residue level in the substrate. These species are of different toxicity to humans and may represent a significant health problem. In the present study, edible fungal species (Agaricus bisporus, Pleurotus ostreatus, Pleurotus eryngii and Hericium erinaceus) grown separately on substrate containing different As species (As(III), As(V) and dimethylarsinic acid-DMA; each form individually) at different concentrations (0.1-0.8 mM) exhibited different accumulation of total As, the lowest being in A. bisporus (1.97 ± 0.14 mg kg −1 DW) and the highest in P. ostreatus HK35 (68.8 ± 19.0 mg kg −1 DW) and P. eryngii (68.0 ± 31.0 mg kg −1 DW). The highest biomass was observed for A. bisporus, regardless of the As forms and their concentration (from 341.24 ± 13.16 to 378.49 ± 14.57 g). This confirms that A. bisporus is highly resistant to As due to low metalloid uptake and accumulation. To ensure quality of cultivated mushroom species and safety of final food product to human health, there is 1 3 to control it through legislation. The provisional tolerable weekly intake (PTWI) of total As by the Joint FAO/WHO Expert Committee on Food Additives was set at 15 µg kg −1 body weight [3] but later withdrawn because the lower limit on the benchmark dose for a 0.5 % increased incidence of lung cancer was in the similar range [4] . The minimal risk level (MRL) for orally ingested inorganic As proposed by the Agency for Toxic Substances and Disease Registry was established at the level of 0.005 mg kg −1 day −1 and was based on a lowest observed adverse effect level (LOAEL) of 0.05 mg As kg −1 day −1 for gastrointestinal effects [5] . Chronic daily intakes of at least 600 µg of inorganic As have been associated with adverse health effects, but detrimental action of lower doses cannot be ruled out [6] . Therefore, content of inorganic As forms rather than total concentration of this metalloid in food products needs to be routinely monitored. Over the years, numerous studies have estimated contribution of various food products in dietary intake of inorganic As and indicated that some may represent a significant source of dietary exposure at levels close to the toxicological limits [7] [8] [9] [10] [11] . Nevertheless, its level in edible mushrooms is not regulated by law and only occasionally subjected to study [12] .
Mushrooms are known to effectively accumulate various trace elements (metals and metalloids such as Se or As), a phenomenon that occurs in their fruiting bodies at levels that may significantly exceed those found in aboveground parts of plants or animal tissues [13] [14] [15] [16] . On the other hand, the total As content (As total ) in the fruiting bodies can greatly vary from concentrations below 0.05 mg kg −1 DW [17] up to 1420 mg kg −1 DW [18] and is likely determined by species-specific biological features and the level of environmental or substrate contamination [19, 20] .
It is crucial for food and health safety that the substrates used for mushroom cultivation have the lowest possible content of toxic elements, including As. Various materials have been investigated for this purpose and include casing soil, horse and chicken manure, shredded wheat straw as well as rice and corn flour. Some of these materials have already been found to contain significant amounts of As total [21] [22] [23] [24] . Because As toxicity is highly species dependent (although mushrooms were suggested to potentially biotransform inorganic As into the organic form as a mechanism of ecological tolerance), the analyses of As total content in both substrate and fruiting bodies might not fully reflect the actual health hazards. It is only through speciation analyses that the risk assessment can be achieved.
Our previous study showed that the wild edible mushroom species Xerocomus badius growing at polluted sites can accumulate significant levels of As(III), As(V) and DMA up to a level of 27, 40 and 88 mg kg −1 , respectively. In our opinion, the quality of substrate is fundamental for As content and toxicity in wild and cultivated mushrooms [25] . Here, we present data on accumulation of As species in the fruiting bodies of the four most popular cultivated edible mushroom species in Central Europe (Agaricus bisporus, Pleurotus ostreatus, Pleurotus eryngii and Hericium erinaceus) in relation to As level in growth substrate.
Materials and methods

Experimental design
Agaricus bisporus
The compost for the experiment was collected from commercial production of Agaricus bisporus. It was composed of wheat straw, chicken manure and gypsum (1000, 900 and 85 kg, respectively) using a conventional method characteristic for phase II (fermentation and pasteurization). The compost was then mixed with all three arsenic solutionssodium (meta)arsenite (AsNaO 2 ), sodium arsenate dibasic heptahydrate (Na 2 HAsO 4 · 7H 2 O) and dimethylarsinic acid ((CH 3 ) 2 As(O)OH)-to a final concentration of each form: 0.1, 0.2, 0.4, 0.6 and 0.8 mM. The substrate was then mixed with mycelium (Sylvan A15 strain) using a POLYMIX PX-SR 90 D stirrer (KINEMATICA AG, Littau-Luzern, Switzerland) in the amount of 5 % of the substrate mass and placed in plastic containers (13 × 25 × 35 cm). Each of them contained 3 kg of the substrate. Incubation was carried out at 25 °C and 90-95 % moisture content until the substrate became completely covered by mycelium. Then, the substrate was covered with a 5-cm layer of casing soil (prepared from Sphagnum sp. peat and chalk in the ratio of 5:1 by volume) with 70 % moisture content and incubated again at the above-mentioned conditions. Once the casing soil became totally overgrown by mycelium, the temperature was decreased to 16 °C. The cultivation was watered to maintain constant moisture and aerated to keep the CO 2 concentration below 1000 ppm. The fruiting bodies of the first flush were harvested for further analyses. The yield was expressed as total weight of whole fruiting bodies.
Pleurotus ostreatus
The substrate for P. ostreatus HK35 and H195 was prepared from wheat straw cut into chaff 4-5 cm long. The straw for the experiment was moistened to 60 % and pasteurized at 60°C for 24 h. The As was added using the same solutions and at the same mM concentrations as already described in the previous subsection. The substrate was then mixed with grain mycelium (on wheat kernels) which constituted 3 % in relation to the wet weight of the substrate and placed in bags of perforated foil. Each bag contained 1 kg of the substrate. Mycelium was incubated at 25°C and 85-90 % air relative humidity. When the substrate was totally covered with the mycelium, it was transferred to the cultivation chamber with the temperature 15-16 °C, air relative humidity of 85-90 % and under 500 lx irradiance using fluorescent light with the photoperiod 10-h light and 14-h dark. The CO 2 concentration level was maintained below 1000 ppm by controlled aeration. Carpophores were harvested as they matured. Yield included carpophores with stipe.
Pleurotus eryngii and Hericium erinaceus
The substrate for P. eryngii and H. erinaceus was prepared from a mixture of beech sawdust and flax shives (3:1 vol) which was additionally supplemented with 20 % wheat bran, 5 % corn flour and 1 % gypsum. The mixture was moisturized with distilled water to the water content of 45 %. The substrate prepared as for P. ostreatus was placed in polypropylene bags and sterilized at 121 °C for 1 h and cooled to 25 °C. The As salts were added using the same solutions at the same mM concentrations as already described in the two previous subsections. The substrates were then mixed with grain spawn (on wheat grain) of the examined mushroom species (5 % of substrate weight) and placed in 1-L polypropylene bottles. Each bottle was filled with 350 g of the substrate, closed with a filter cover and incubated at 25 °C and air relative humidity of 80-85 % until the substrate was totally overgrown with mycelium. Next, the bottles with removed covers and sacks with the top part of the foil cut-off were placed in the cultivation chamber, for fructification, under air relative humidity 85-90 % and temperature 14 ± 1 °C for P. eryngii and 16 ± 1 °C for H. erinaceus. Irradiance of 500 lx fluorescent light with a photoperiod regime of 12-h light and 12-h dark was applied. Carpophores were harvested as they matured. Yield was expressed as total weight of whole fruiting bodies.
Extraction procedure
After harvesting, all samples of substrates, fruiting bodies and carpophores were dried at 40 °C to constant weight. The extraction procedure was based on the work of Gonzálvez et al. [26] , modified to conditions needed for hyphenated system As species determination. One gram of the mushroom sample (homogenized by rubbing and sieving through a 0.02 mm sieve) in a glass flask containing 10 mL of phosphoric acid and several drops of Triton was extracted in an ultrasonic bath (30 min at ambient temperature). Next the solution was filtered with filter paper (washed with 200 mL of water and 20 mL of phosphoric buffer) or centrifuged. The pH of the solution was adjusted to 6.0-6.5 by addition of 10 mol L −1 NaOH, and finally, the solution was diluted to 20 mL with phosphate buffer. The As species in the acid extracts were determined by HPLC-HG-AAS immediately after the extraction procedure. The determination limits were 0.04 mg kg −1 for each studied form of As. All analyses were performed in parallel using two analytical systems, and the mean value of As(III), As(V) and DMAA was given as the final result. Importantly, in this method hydrides were formed only by reduction of As(III), As(V) and DMAA [27] and no other As-organic compound [28] . At high HCl concentration, reduction of methyl derivatives of As practically does not take place.
Instrumentation
Construction and optimization of the HPLC-HG-AAS system was described in our previous paper [24] . Two independent hyphenated analytical systems were used simultaneously in the single element mode for As determination. 
Gases and reagents
Compressed argon gas (Linde, Poland) was employed as the carrier gas for As vapour for the quartz cell without further purification. Water was redistilled and purified with a Milli-Q water purification system (Millipore, USA). Standard solutions (1000 mg L −1 of As) of As(III), As(V) and DMAA were prepared by dissolving the NaAsO 2 , Na 2 HAsO 4 7H 2 O and DMAA, respectively (SigmaAldrich, USA). The standard stock solutions were stored in polyethylene bottles at 4 °C in the dark. Low-concentration standards prepared by dilution of the stock solutions were prepared daily. Sodium tetrahydroborate, used as reducing solution, was prepared daily by dissolving NaBH 4 (Merck, Darmstadt, Germany) in high-purity water and stabilizing with 1 % (w/w) NaOH (Merck, Darmstadt, Germany) to decrease the decomposition rate and was used without filtration. The HCl solution used in the procedures was of the highest quality (suprapure) grade (Merck, Darmstadt, Germany). The buffer and buffered mobile phase were prepared by mixing disodium hydrophosphate (Na 2 HPO 4 ) and potassium dihydrophosphate (KH 2 PO 4 2H 2 O), obtained from Merck. The phosphoric acid and Triton (both analytical grade) were purchased from Merck (Darmstadt, Germany).
Statistical analysis
All analyses were prepared in triplicate, and the results were expressed as mean value ± SD. The data were processed using Microsoft Excel 2010. Statistical analysis was done using STATISTICA 10 with ANOVA and post hoc Tukey's test (the results marked with identical letters in columns show no differences at the significance level α < 0.05).
Results
Accumulation of As species in collected fruiting bodies
The studied mushroom species were able to grow on substrates supplemented with every As concentration except P. ostreatus HK35, growth of which entirely ceased at >0.2 mM. All As species except DMAA were detected in their fruiting bodies ( Table 1 ). The total As content in mushrooms did not necessarily follow the As concentrations added to growth substrate. The highest levels were observed after addition of 0.2 mM in A. bisporus (2.7 ± 0.2 mg kg Interspecific differences in the uptake and accumulation of studied As species were observed. In general, the lowest levels of As(III) and As(V) and organic As were found for A. bisporus, despite the initial As content in the substrate. On the other hand, accumulation of inorganic As (especially As(III)) was the highest in P. ostreatus H195 and P. ostreatus HK35. The increase in inorganic As in the fruiting bodies of the studied mushrooms did not necessarily follow the simultaneous increase in the organic As content (Table 1) .
Changes in mushroom biomass
Regardless of As concentration, the highest biomass was found for A. bisporus fruiting bodies (Table 2 ). Moreover, it did not differ between groups exposed to various As content in substrate.
The lowest observed biomass of A. bisporus was still higher than that of any other studied mushroom species, including their controls. Two other species, H. erinaceus and P. eryngii, treated with the highest assayed As level (0.8 mM) produced fruiting bodies of biomass reduced only by 12.3 and 4.9 %, respectively. In contrast, P. ostreatus H195 and P. ostreatus HK35 were found to be the most susceptible to As presence. Compared to the control, over a fourfold decrease in biomass was observed for the former species treated with 0.8 mM of As, whereas the latter did not grow at As concentrations higher than 0.2 mM. No clear linear dose-dependent response was observed for any mushroom species (Figs. 1a, b, 2, 3, 4) .
Discussion
There is no doubt that mushrooms cultivated for human consumption should not introduce a health risk associated with As exposures. Therefore, numerous studies have addressed the bioaccumulation of As in different edible species. It was also suggested that at least some species may perform biotransformation of As into arsenobetaine, an organic form of lower toxicity. However, metabolic routes of this process and whether the initial As content in the growth substrate has any impact on it remain unclear. The present study demonstrates that commercially cultivated mushroom species may significantly vary in As uptake and that those species which accumulate lower inorganic As levels produce greater biomass.
The low level of As accumulation and high resistance of A. bisporus were previously indicated in the study by Soeroes et al. [29] in which the mushrooms were grown with the addition of 1000 mg kg −1 of As(V). Surprisingly, the concentration of arsenobetaine was half the content found in the control, and the accumulation of As occurred mainly in the form of MMA and DMAA. In our study, the mushrooms were simultaneously exposed to three different As forms to show which one accumulates preferably. The greatest increase was found for As(V) and the lowest for DMAA. Compared to other studied mushroom species, the levels of As(V) were very low, while the organic As content did not increase. This indicates that A. bisporus is potentially able to take up only certain forms of As, effectively excluding others-the mechanism which is likely behind its high tolerance rather than biotransformation of inorganic forms to less toxic organic As compounds. The comparison of total As content in edible mushrooms available through retail sale in Brazil also demonstrates that A. bisporus contains levels which can be considered as safe [20] . Along with our experimental Fig. 1 Characteristics of P. ostreatus a (H195) fruiting bodies growing on substrate with diverse As salts added, b (HK35) fruiting bodies growing on substrate with diverse As salts added Fig. 2 Characteristics of P. eryngii fruiting bodies growing on substrate with diverse As salts added Fig. 3 Characteristics of H. erinaceus fruiting bodies growing on substrate with diverse As salts added Fig. 4 Characteristics of A. bisporus fruiting bodies growing on substrate with diverse As salts added observations, it can be concluded that this species does not fall into the 'group of special care' regarding the issue of As contamination. This may, however, not apply to other members of the genus Agaricus able to accumulate As from natural substrates to remarkable levels above 10 mg kg −1 DW [17, 30] . One should, however, consider that wild edible mushrooms are potentially subject to a higher contamination level than cultivated species, for which the environmental conditions can be controlled.
According to our knowledge, the present study is the first report on kinetics of As uptake and accumulation by H. erinaceus, an edible mushroom species revealing therapeutic properties [31] . Importantly, the increase in total As content was observed only when cultivation was maintained at an initial metalloid concentration of over 0.2 mM. When the substrate was treated with high As levels, H. erinaceus had a general tendency to accumulate the inorganic form. The highest reported concentration of inorganic As exceeded 7.0 mg kg −1 DW, and despite slightly decreased biomass, the mushroom maintained its growth. If one considers the withdrawn PTWI which was set at 15 µg of As per body weight, the consumption of 100 g of such a food product by a person of 60 kg would represent over 77 % of PTWI delivered only by inorganic metalloid species. Therefore, it is crucial to control As content in substrates used for cultivation to produce safe food, especially for products of potential medical use.
Species of the Pleurotus genus have been demonstrated to synthesize lectins mitigating the As-induced oxidative stress in mammals [32] . However, fruiting bodies of these mushrooms may have such (and any other) biopharmaceutical use only if their biomass is not contaminated with As. The present study clearly demonstrates that from the tested species, P. eryngii and P. ostreatus possess the highest ability to accumulate As available in the substrate. The former accumulated As mostly in the organic form despite the total inorganic content, mainly in the form of As(V), increased with the substrate As concentration and exceeded 8.0 mg kg −1 DW for the highest assayed metalloid level. Increase in As(V) uptake was likely a cause of lower biomass production. The greatest retardation of growth (or its complete cessation) was, however, observed for P. ostreatus. Both strains accumulated very high inorganic As content, up to 30 mg kg −1 DW, which in the case of a 60-kg weight person would represent over 330 % of PTWI if 100 g of fruiting bodies were consumed. Importantly, the inorganic As content was largely increased in both strains even after as little as 0.1 mM of each studied form was added to the substrate, indicating a high ability of P. ostreatus to bioconcentrate As from the ambient environment. It was, however, reported that cultivated P. ostreatus and P. eryngii contain significantly lower As levels, but none of these investigations described the chemical characteristics of the substrate [20, 33] . These mushroom species, particularly P. ostreatus, can therefore be considered as those requiring 'special care', where the purity of the substrate is essential for production of a safe food product.
Quality of a cultivated species requires control of the cultivation substrate. For example, wheat, often used as a substrate, may accumulate high As contents when growing at As-contaminated sites [24, 34, 35] , so it is crucial to grow wheat on soils with no significant As levels to exclude the possibility of further As biotransfer and risk of human exposures to relevant concentrations of As.
Conclusions
The present study demonstrates the importance of substrate quality in production of safe fungi for human food. As found, interspecific differences in As uptake and form of the metalloid accumulated in fungal tissue were observed. Generally, inorganic As considered as the most threatening to human health, decreased in the following order: P. ostreatus > P. eryngii > H. erinaceus > A. bisporus. The greater the inorganic levels of As were taken up and accumulated, the more significant growth retardation and decrease in fruiting biomass were the observed.
